Indoleacetic acid (IAA) appears to be the major naturally occurring auxin controlling normal vegetative growth of a wide variety of higher plants. In many plants the auxin of the shoot is produced at or near the apex (8, 12, 32) and must be translocated from the site of production to the many sites where it influences growth and differentiation in the shoot. The translocation of auxin, like that of other organic molecules, can not be attributed to diffusion or purely physical processes; it requires the presence of living cells (28, 29, 23) . The movement of auxin differs from the translocation of other organic substances in that it occurs predominantly from the apex toward the base of the shoot. This is not just a reflection of auxin production at the apex. In Avena coleoptiles, Went showed that even when auxin is supplied at the base of a section it can not be collected at the apex (31).
Indoleacetic acid (IAA) appears to be the major naturally occurring auxin controlling normal vegetative growth of a wide variety of higher plants. In many plants the auxin of the shoot is produced at or near the apex (8, 12, 32) and must be translocated from the site of production to the many sites where it influences growth and differentiation in the shoot. The translocation of auxin, like that of other organic molecules, can not be attributed to diffusion or purely physical processes; it requires the presence of living cells (28, 29, 23) . The movement of auxin differs from the translocation of other organic substances in that it occurs predominantly from the apex toward the base of the shoot. This is not just a reflection of auxin production at the apex. In Avena coleoptiles, Went showed that even when auxin is supplied at the base of a section it can not be collected at the apex (31) .
Since the initial work of Went (31) and van der Weij (28, 29) , information has been obtained on the ability of plant tissues to translocate natural auxins (13) and on the inhibition of translocation by various substances (e.g. 5, 16, 17, 18) . These studies, however, have been linmited by the sensitivity and adaptability of some bioassay for detecting the auxin. Conclusions had to be drawn from the amount of auxin activitv appearing at the opposite end of a section from a source of IAA. This experimental system is a conmplex one, and one would like to know how the uptake from the source, the destruction, and the retention of auxin within the tissue itself influence the 'Received Dec. 16 Only with the advent of radioactively labeled IAA has this type of quantitative study become feasible.
The information presented here on the normal basipetal transport of IAA by excised sections provides a basis for further studies. For example, the effect of altered oxygen tensions and the characteristics of an acropetal, apolar movement have already been examined and will be described in subsequent papers. Victory) was used for this study. The oats were soaked without hulling for 4 to 5 hours and then planted in sterile damp sawdlust. After 48 hours, just as the tips of the coleoptiles protruded above the surface, the seedlings were exposed to 12 hours of red light (18 inches from 25 w tungsten lamp, Ilford bright red filter). At the end of 90 hours, when used for experimental purposes, the coleoptiles were 25 to 30 mm long and their mesocotyls about 10 mnm.
Materials & Methods
All experiments were carried out at 25 C. The plants were handled under red light (as above) and returned to darkness during the period of transport.
Coleoptiles were cut 15 to 25 mm below the apex, and the primary leaf wxas gently removed from the basal end of the section. Sections of the required length were cut. The uppermost 2 mm of the tip were discarded.
Two different experimental arrangements wvere used to study translocation. The first method vas simply a modification of the design used by Went (31) and van der Weij (28) . A group of tweinty sections (usually 7-mm longi) were supported upright by a small lucite frame so that they did not touch each other. The sections could be oriented with their basal ends either up or down with respect to gravity. At each end, the cut surfaces were in contact with an agar block. The block supplying auxin to the sections, referred to as the donor or sections, the receiver, was usually placed at the basal cut surfaces of the sections. Each frame supporting 20 sections rested on a glass microscope slide and was placed within a covered petri dish. A piece of damp filter paper was included in the dish. This design was suitable to obtain the transported material that was subsequently assayed for auxin activity (see Results, I ). The same design was also used in qualitative experiments (see Results V & reference 7), but was of limited usefulness because the concentration of the source decreased significantly during the experiment and this complicated the analysis. To achieve a more nearly constant donor concentration, the agar sources were changed at frequent intervals. This produced a greater total uptake, but less activity disappeared from each individual donor. To keep the donor concentration within 10 % of its initial value required that blocks be changed at 10 minute intervals. Since changing of blocks was an unwieldy procedure, aqueous solutions of sufficient volume (1 ml of solution per each hour of uptake) to serve as essentially infinite sources were used. Twenty sections, 20-mm long, were held individually in the holes of a flexible plastic mesh. This mesh was supported by the rim of a beaker which contained the solution of IAA. One cut surface of a section just touched the surface of the solution; the section protruded vertically from the solution, and the other cut surface was covered with a piece of 1.5 % agar to prevent evaporation from the end of the section. In this arrangement, when the donor solution was applied to the apical end of the section, the section was inverted with respect to gravity. The small beaker containing the sections in contact with the solution of IAA was placed inside a container lined with moist towelling, and the whole was placed on a shaker. 1 II. Preparation of Agar Blocks. The blocks were prepared by mixing equal volumes of the IAA solution and 3 % agar solution. The agar had been soaked in distilled water and rinsed twice daily for 1 week to remove salts. The resulting blocks of 1.5 % agar were 1.5 x 9 X 12 mm (162 mm3).
-III. Indoleacetic Acid. The sole source of the carboxyl group of IAA was C14 cyanide which had a specific activity of 0.96 mC/mmole. The synthetic method of Thesing and Schiilde (27) (32) . To determine radioactivity the agar block was melted by gentle heating and the agar sol was spread evenly over the entire area of a planchet. After drying, a uniform, nearly invisible film of agar adhered to the surface of the planchet. Similarly, aliquots of solutions used were spread to cover the planchet, dried and counted immediately.
Immediately after the transport period, the dimensions of the sections and central hollow were determined on duplicate sections with a calibrated ocular micrometer. From these measurements, the volume of the section and hence the average concentration of activity could be calculated. Sections which had been in aqueous donors were rinsed quickly in distilled water; the central hollow of the coleoptile was rinsed using a needle and syringe. The sections were dried for 20 minutes at 80 C. They were then ground in a few drops of freshly redistilled chloroform. Particles of tissue remained suspended in the chloroform and were easy to transfer quantitatively to a planchet. After the chloroform evaporated, the particles were spread uniformly over the surface of the planchet in a drop of water; then the samples were dried.
A windowless gas flow counting tube connected to an appropriate scaling unit served to detect the radioactivity. The figure 1 . ** Calibration curve not shown. Because of daily variations in the sensitivity of the bioassay, it differs some-\ hat from figure 1. chromiiatographic procedures. If, however, the movement of radioactivity reflects the movement of IAA, then the ratio of radio-to bioactivity, at a given concentration, should be the same in both donor and receiver blocks. The Avena curvature bioassay was used to (letermine the biological activity in the receivers. This assay is 10 to 1,000 times more sensitive to IAA than to other related molecules (10) , and although all the possible products of IAA nmetabolisn have not been tested, it seems likely that the activity of these products is much less than that of IAA itself.
Typical transport experiments were conducted with 7-mm sections, and receivers collectedl after 3
hours. Usually six replicates of each transport were carried out; the radioactivity of half of the receivers was determined, and the biological activity of the other half assayed by the Avena test. A series of five concentrations of C14 IAA (10-80 jug/1) server as standlards for each day's experiment, andl a curve such as figure 1, relating radioactivity of the C'4 IAA to its biological activity was constructed. This curve was used to predict a value for the biological activity of the receivers from their radioactivity. If all the radioactivity in the receivers is due to C'4 IAA, this value should agree with the actual biological activity observed for the receiver. For example, in experimlent 142 (table II) In a number of experiments, the crude IAA containing 20 % of a radioactive impurity (see Methods III) was used in the donor. In these cases, the biological activity observed in the receiver was significantly greater (1.5 times) than expected from the crude IAA (7) . In other words, the receivers contained a larger fraction of the donor's biological activity than its radioactivity. In this case, the contaminant must be translocated less readily than IAA (or not at all). The detection of a contaminant accounting for 20 % of the radioactivity of the donor demonstrates the validity of this method in detecting differences in the composition of a sample before and after translocation.
-II. Polarity of Movement of C14 Indoleacetic Acid. These experiments demonstrate that the movement of IAA is polarized in all the experimental situations presently employed. Sources spanning the range of IAA concentrations used in other experiments were applied to 7-mm sections. Table III shows that activity significantly above background could be detected in receivers when the source was at the apex but not when the source was at the base of the section. The movement is equally polar with both agar and aqueous sources. The existence of this polarity shows that movement in surface films from source to receiver does not occur in these experiments. These experiments are comparable to those of Went (31) and van der Weij (28) which first demonstrated the polarity of auxin transport. Thus, in the classical sense, the movement of IAA studied here is polar.
-III. Recovery of Original Radioactivity at Conclusion of an Experiment. At the close of all experiments the activity in the source, in the tissue, and in the receivers was determined. No activity disappears from the source unless it is in contact with sections, so that in the presence of sections, the decline in the donor was equated to uptake by the tissue. Depending on the experimental conditions, the total activity recovered in sections plus receiver was either equal to or less than the uptake; loss of radioactivity during an experiment was expressed as a percentage of the uptake.
When the agar source is changed hourly, activity leaves the source at a nearly constant rate during a twelve hour period. With a donor of 3.5 mg/I, about half the uptake can be recovered at any time in the sections and receivers. At a 20-fold lower concentration, however, the loss is not a constant fraction of the uptake. Initially, nearly all the uptake is accounted for in the sections and receiver, but the fraction lost increases steadily with time, becomes half of the uptake by 4 hours, and remains constant thereafter. Apparently, the higher the donor concentration, the more quickly a constant rate of IAA degradation and consequent loss of radioactivity is achieved.
In light of these losses, the possibility that decarboxylation occurs during the heating and drying of samples was examined. The activity of samples treated with NaOH immediately after transport and then dried in the usual manner, and the activity of samples dried in vacuo at -70 C is no different from those dried by the standard procedures. Since alternative methods gave identical recoveries, it is unlike- ly that any loss of activity occurred during preparation of samples.
It seems probable that radioactivity is lost via the enzymatic breakdown of IAA. Using gas phase counting, part of the missing radioactivity has been detected as carbon dioxide released by the coleoptiles during the translocation period. The failure to account for all the missing activity is probably due to technical difficulties which have not been resolved with the present equipment. It has not been determined whether the loss occurs at the cut surface or within the tissue or both, but such information probably would not greatly alter the conclusions below.
-IV. Time Course of Uptake & Transport by 7-mm Sections. In five experiments, the apical ends of sections 7-mm long were placed in contact with a source of radioactive IAA for 12 hours. The agar sources and receivers were replaced hourly. The donor blocks were either of low (0.08 or 0.16 mg/l) or high (1.6 or 3.2 mg/I) concentration.
The rate at which activity appears in the receiver (fig 2) rises to a maximum within 2 hours and then declines. After 8 hours this rate is very low and nearly constant. IAA appears to arrive at the base of the sections at a maximum rate for a somewhat longer time at the lover donor concentration, but a change in the rate of entry with time clearly occurs with either high or low source concentration. Since the rate of entry into the receiver declines to a low level after 4 hours, the total activity in the receiver (Curve I, fig 3) does not increase appreciably after this time. In contrast, the uptake from the source, continues without decline over the 12 hour period (Curve IV, fig 3) .
As pointed out in the previous section, at low donor concentrations, loss of activity from the system begins slowly but after 4 hours, increases linearly with time ( Curve II, fig 3) . With high concentrations, (data not shown in fig 3) , no initial lag in loss of activity occurs; loss increases linearly throughout the experiment. Thus the decline in the rate of translocation to the receivers is not correlated with any striking change in either the uptake or rate of loss of activity from the system. Activity continues to accumulate in the sections even after it no longer appears in the receiver. It is interesting to observe that in all these experiments, the activity in the sections increases more rapidly during the times when little activity enters the receiver; i.e., during the 1st hour of the experiment and again after 4 hours ( Curve III, fig 3) . Long The radioactivity (open circles) and biological activity (half-filled circles) of receivers relative to their maximum activity as the source concentration is raised. The data for biological activity are from an experiment using purified, unlabeled IAA in the source. Receivers were appropriately diluted so that their auxin concentration was in the range where the Avena test is maximally sensitive to change in concentration. fig 5) . The activity in the receiver after 3 hours also rises nonlinearly with increasing concentration of the source, but reaches a maximunm when the donor contains 0.8 mg/l (Curve III, fig 5) . Other experiments show that the same is true after shorter periods (0.5, 1 hr) of translocation. Experiments with non-radioactive sources of IAA yield exactly similar results for the relation between bioactivity found in the receivers and source concentration (fig 6) , and thus confirmed other evidence (Results I) that the appearance of radioactivity in receivers reflects the translocation of IAA.
Although the amount of IAA in the receiver attainis a maximum with increasing donor concentration, activity continues to rise almost linearly in the sections (Curve II, fig 5) . This observation suggeste(l that the following points shouldl be investigate(l. A, The distribution of activity along the section between donor and receiver, and the effect of donor concentration and perio(I of uptake on this distribution. B, The influence of the length of the section on the relationship between donor concentration and translocation. C, The translocation of activity out of sections after the external source of IAA is removed. itself or an agar block is the receiver, identical results can be obtained.
The results of experiments with 20-mm sections are summarized in table IV and figures 7 through 12. They lead to the following conclusions.
A. As long as experiments with short sections do not continue longer than 4 hours, the distribution of activity in the section and loss of activity from the system is comparable for 7-and 20-mm sections (table IV) . Translocation does, however, persist for a longer time in 20-mm than 7-mm sections ( fig  4) . Several factors might be involved here; for example, 20-mm sections have a smaller ratio of injured to intact cells and possess larger energy reserves than 7-mm sections. Whatever the causes. the difference between translocation in short and long sections is only manifest after 4 hours. Prior to this time, results obtained with 20-mm sections are completely consistent with those obtained for 7-mm ones.
B. Figure 7 shows that the concentration of activity in the section declines exponentially with distance from the source. This logarithmic distribution is established within an hour throughout the portion of the tissue in which activity is detectable. It is then maintained for at least 12 hours. Some departure from the logarithmic distribution is often noted at the base of the section, where a low level of activity somewhat greater than predicted by extrapolation of the logarithmic curve may appear within the hour. Often, the activity in the basal parts of the sections increases more slowly than in the apical portions.
C. The average concentration of radioactivity in the portion of the section in contact with the donor is given by the y intercept of the curves of figure 7 (i.e., 0 mm from source). Within 4 hours, this concentration exceeds that of the source. After 12 hours, it is actually five times the value of the source. The interpretation of this finding is not simple (see Discussion) .
D. The slope of the logarithmic decrease with distance is nearly independent of time ( fig 7) . In some experiments a gradual increase in the slope does occur with time.
E. A striking increase in the slope occurs as the concentration of the source increases (fig 8) . For example, in four such experiments the slope was nearlv doubled when the source concentration was raised from 0.08 mg/l to 1.6 mg/L. F. The way in which the amount of activity at any point in the section increased with time varied from one experiment to another. Usually, the activity in a zone of the section increased at a constant rate between about one and four to six hours ( fig 9) ; thereafter, more slowly (fig 10) . From the apex to the base of the section, the rate of accumulation progressively decreased (fig 9 & 10) . In one experiment. however, the amount of activity in the section increased more rapidly after 6 hours than before. Usually, the initial period of nearly linear increase in activity was more pronounced and persisted for a longer time in the apical part of the section (fig 10) .
G. The total activity below any given distance from the source (i.e., in the receiving portion of the section) also declines logarithmically as the length of the section between the source and receiving portion increases (fig 7) .
H. The amount of activity translocated through anv length of section is the sunmmation of all activity in the zones of the section below it plus that in the basal agar block. Hence, as with the activity in one zone of the section, the activity in the receiving portion of the system increased initially at a near constant rate and then more slowly (fig 11) .
I. When the total activity in the receiving system after a fixed time is plotted as a function of the concentration of the source, a family of curves for sections of different lengths does not result. The longer the section, the lower is the source concentration at which the receiver reaches maximum activity (fig 12) . In other words, the shape of the concentration-dependence curve depends on the length of section employed in the experiment.
J. In an experiment of 3 hours' duration, the transport through the first 7 mm of a 20-mm section is the same function of the source concentration as is the transport through 7-mm sections into an agar block (Compare fig 5 & fig 12, 7 mm) . This extends the evidence in A above, that the receiving system, be it agar block or living tissue, does not influence the translocation.
VII. Evidence for Immobilization of Activity. The purpose of these experiments was to measure how much activity was exported from sections after the donor was removed. After sections 7-mm long had transported IAA for either 1 or 2 hours, the donor and receivers were replaced by empty agar blocks. These blocks were then changed and counted at intervals. Sections were collected for counting at the time the donor was removed and again after export into the receiving blocks ceased.
The results of experiments with a two hour period of uptake are summarized in table V. The fraction of the uptake recovered in the section prior to export (Column 4) doubles (from 44-88 %) as the donor concentration is raised 20-fold. Conversely, the fraction recovered in the receiver during the uptake decreases with the same change in donor concentration (Column 5).
When the donor is removed, activity continues to leave the sections (fig 13) . Nearly all of this export occurs in the first hour and approximately half of it within the first 15 minutes. Nearly a third of the exported activity is recovered in the block at the apical end of the section (A, fig 13) . This acropetal movement can only be detected when apical blocks are replaced frequently during the export period, presumably because activity which enters this block is thus prevented from re-entering the coleoptile and being carried basally by translocation. Activity appearing in the apical block may have diffused from the external surfaces and intercellular spaces of the section.
The activity collected at the base of the section during export is a rough approximation of the amount available for translocation when the-source is removed, and is about equal to the amount that would have arrived there had the source remained in place another hour.
At the end of 2 hours, export has completely ceased, but considerable activity still remains in the sections. A particularly important point is that the fraction of the uptake immobilized in the section Fig. 7 . The average concentration of the activity (left ordinate, logarithmic scale) in successive zones from the apex to the base of 20-mm sections. The numbers to the right of each curve give the time in hours. Starting at the apical end, all of the sections at each time were divided into four successive 4-mm pieces. The fifth zone of the sections was that remaining below 16 mm. As a result of growth which occurs during the experiment, the length of this basal piece increases with time. The average concentration in a piece of section was calculated assuming the activity to be uniformly distributed through its total final volume. The average concentration is plotted as the concentration at the midpoint of the piece of section. The concentration of the source is shown by the horizontal dashed line. The curve marked R gives the activity in the receiving system (right ordinate) as a function of the length of the section between source and receiving system. Time of translocation was 12 hours. Fig. 11 . The activity in the receiving portion of the system during 12 hours transport. This data is from the same experiment as that given in figure 10 . The numbers to the right of the curves give the length of the section between source and receiving system. Fig. 12 . The activity in the receiving system as a function of source concentration. Curves are given for the activity recovered below 0, 3.5, 7, and 14 mm from the source in sections which were 20 mm long. Time of translocation was 3 hours. longer sections (7- 20 mm) (fig 1 1) . Van Canny (3) has carefully considered some assumptions underlying calculations of the velocity of translocation, and concludes that it is preferable to express translocation rates in terms of the mass transfer (g cmn -hr-') until a method can be devised to measure directly the velocity of the translocation stream. The mass transfer of IAA during uptake at 3.2 mg/l was only 0.21 iug cm-hr' -. As might be expected from its hormonal nature this is some 20 million times less than the value of 5 g cm-2hr-' (3) for the average mass transfer of dry weight in most phloem cells.
Since all the activity in the tissue is clearly not free IAA (Results, VII), the fact that the tissue achieves a higher concentration of radioactivitv than the source (fig 7) does not necessarily indicate that IAA enters the tissue against a concentration gradient.
The appearance of relatively large amounts of immobile activity especially at external concentrations above 1 mg/1, are of interest from another point of view. Recently workers in several laboratories (2, 4, 9, 19, 20) have agreed that no significant redistribution of radioactivity could be detected in the tissue of coleoptiles which had previously been given radioactive IAA and were then stimulated geotropically or phototropically. In interpreting these experiments, it should be kept in mind that after a source of IAA is removed most of the activity in a section is no longer free IAA. Furthermore, any redistribution of radioactivity by lateral movement of the small amount of free IAA present could be completely masked by the large amount of immobile radioactivity. It has, in fact, recently been shown that the radioactive IAA which is still being translocated is definitely redistributed under the influence of gravity (6) . The extent of the redistribution is comparable whether radioactivity of applied C14 IAA or biological activity of endogenous auxin is measured.
Immobile activity also appears during translocation of endogenous auxin. In the growing zone both of the Osmilunda rachis (24) andl of green Alaska pea 7 Since preliminary experiments suggest that all cells are involved in translocation of IAA, the total cross section of the tissue was used to calculate transfer.
seedlings (21) , transportable auxin decreases at the expense of an immobile substance with auxin activity.
An approximately logarithmic decrease in the radioactivity within a plant with distance from the source is not unique to C14 IAA; it has already been observed during translocation of inorganic ions (26) , as well as sugars (1, 14, 30) and amino acids (15) .
To account for such a distribution, Biddulph and Cory (1) suggested a model which has been more rigorously developed by Horwitz (11) . The model assumes that an irreversible removal of activity from translocation establishes the logarithmic distribution. Activity is in fact immobilized during translocation of IAA, but other features of the movement do not seem to fit this model. From Horwitz's derivation, the slope of the logarithmic decrease is determined by the rate constant for the removal reaction (k), the cross-sectional area of the translocation stream (A), and the velocity of this stream (v), and is equal to kA/v. Thus this slope should be independent of the source concentration. In the translocation of IAA, however, this slope increases with increasing donor concentration (fig 8) . The model also predicts that at a distance x from the source, the concentration in the translocation stream and thus in the receiver will be proportional to the source concentration. It is a striking characteristic of the translocation of IAA, however, that the total activity in the receiver is not directly proportional to the source concentration (fig 5 & 12) ; relatively more IAA is retained and immobilized per unit distance at higher donor concentrations. Figures 5 and 12 show that the activity in a receiver reaches a maximum with increasing source concentration, and that the longer the sections, the lower the source concentration at which this maximum is achieved. These observations are not easy to explain. The cells of coleoptiles can do at least three different things with the IAA they take up: A, they may pass it on to the next cell, B, they may break down the molecules so that radioactivity is lost from the system, or C, they may retain the IAA, perhaps converting it to a substance vhich can not be translocated or perhaps sequestering it in some part of the cell from which it is not readily removed. Each of these processes, transport, degradation, and immobilization, is probably carried out by a separate enzyme or even a system of enzymes. Probably each process occurs repeatedly in every cell the IAA enters during translocation through the section. The response of the tissue to an increase in auxin probably involves interaction of all the systems using it. The fact that the amount of activity entering the receivers reaches a maximum as the source concentration increases has suggested to some workers that the transport of IAA becomes saturated (13) . The experiments reported here indicate quite another explanation, namely the removal of IAA from translocation ty destruction and immobilization.
The polarity of translocation of IAA is one of its most puzzling features. A polarity could be im-posed by the action of a carrier so localized in the cell membrane that it could move auxin preferentially in one direction-through the basal membrane of one cell into the apical membrane of another. If this system were coupled to a system in the receiving cell which prevented diffusion back by rapidly removing the auxin from the vicinity of the cell membrane, polar transport into a cell and through a section would be achieved.
Summary
By biological assay (Avena curvature test), it was established that when C14 carboxyl-labeled indoleacetic acid is applied to a section of Avena coleoptile, the radioactive substance which is translocated through the' section is IAA. Uptake and basipetal movement of radioactivity from a source of carboxyllabeled indoleacetic acid was then studied with sections 7-to 20-mm long supplied either agar or aqueous sources. Under these conditions, the movement of indoleacetic acid is polar.
As the concentration of auxin applied is increased, the activity recoveredI in a receiver does not increase proportionally and so reaches a maximum. The source concentration at which this maximum is achieved is progressively lower the longer the section of tissue between source and receiver.
The activity within the section itself decreases logarithmically with distance from the source. A simple model of translocation which has been proposed previously to account for this type of distribution is inadequate to account for the effect of source concentration and length of section on the distribution of activity during translocation of auxin.
From the present experiments, it is clear that two other factors besides translocation influence the amount of indoleacetic acid recovered at the base of the coleoptile and the distribution of indoleacetic acid within the coleoptile. In the course of translocation, auxin is also subjected to A, enzymatic (lestruction and B, immobilization. Destruction is indicated by the failure to recover all the activity leaving the source within the sections an(d receivers. Immobilization is evidenced by the retention of considerable radioactivity by a section after the radlioactive source has been removed or even replace(d by unlabeled IAA. The interplay of these three systems for handling auxin-translocation, destruction, and immobilization -is complex.
